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ABSTRACT
Soybean (Glycinemax) grain contains approximately 40% protein and 6.5% nitrogen (N) on an ele-
mental basis. Therefore, the plant requires an abundant N supply throughout its life cycle, and sym-
biotic N fixation of soybean with Bradyrhizobium japonicum provides 40 to 85% of the soybean N.
Although soybean cultivars have been genetically engineered to withstand the herbicide glyphosate,
B. japonicum grown in culture is sensitive to glyphosate.We hypothesized that glyphosate applied to
glyphosate-tolerant soybean would inhibit nodulation by B. japonicum unless B. japonicum could
also be selected for glyphosate tolerance. Cultures of B. japonicum were challenged with sublethal
doses of glyphosate, and individual colonies were selected for growth in the presence of glyphosate.
Of the 40 isolates that were originally selected for glyphosate tolerance, all isolates in subsequent
experiments had similar sensitivity to glyphosate as wild-type B. japonicum. To determine if
glyphosate affected B. japonicum in plants, soybean seeds were imbibed with differing levels of
glyphosate and water and then planted and inoculated with B. japonicum. After several weeks of
growth the plants were harvested and nodules were scanned and analyzed by digital imagery.
Glyphosate application to glyphosate-tolerant soybean did not affect the ability of B. japonicum to
form nodules and fix nitrogen. These data do not agree with previous responses of small soybean
plants sprayed with glyphosate, which showed delayed nodulation and decreased nodule size. Itmay
be that the dosage applied to plants and the timing of the application affect the response of
glyphosate on symbiotic effectiveness.
INTRODUCTION
In the legume family, plants form a symbiotic rela-
tionship with bacteria in the soil. In this relationship the
bacteria infect the roots of the plant and chemically
reduce (fix) nitrogen (N2) gas from the atmosphere into
a form that the plant can use. In return, the plant pro-
vides the bacteria with a source of carbon and an appro-
priate environment for bacterial growth. The morpho-
logical structure that results from the bacterial infection
of the plant root is called a nodule, and this is where N
fixation occurs. Nitrogen fixation does not occur until
about three weeks after the bacteria infect the plant root
when large, irregular shaped nodules with a red interior
indicate that N fixation is occurring (Graham, 1998).
Soybean is a member of the legume family and forms
this symbiotic relationship with Bradyrhizobium japon-
icum (Harper, 1987). Nitrogen fixation by this bacteri-
um is very important to the production of soybean and
allows farmers to produce soybean in the absence of
costly N fertilizer.
Because soybean seed contains a large amount of pro-
tein, the plant must be supplied with an abundant N
supply throughout its life cycle, and bacterial N fixation
provides 40 to 85% of the soybean N requirement
(Graham, 1998). Past research has shown that B. japon-
icum strains differ in their ability to formnodules and in
how well they fix N. Selection for superior N-fixing B.
japonicum has been accomplished, and in controlled
environments, these strains demonstrated increased N
fixation (Vasilas and Fuhrman, 1993). However, in field
environments these bacteria have not been effective in
increasingN fixation and yield. This is due to existing B.
japonicum populations in the soil. These indigenous
strains out-compete the superior strains and form over
90% of the nodules (Johnson et al., 1965). The indige-
nous B. japonicum strains are often inefficient at N fixa-
tion compared to the superior strains, and full yield
potential may not be realized.
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Recent advances in biotechnology have led to the
engineering of soybean cultivars that are tolerant to the
chemical glyphosate. Glyphosate is the active ingredient
in the non-selective herbicide Roundup™ (Duke, 1988).
These glyphosate-tolerant (GT) cultivars allow for better
post-emergence weed control in soybean fields.
Glyphosate works by inhibiting 5-enolpyruvylshiki-
mate-3-phosphate synthase (EPSPS), an enzyme in the
plant that leads to the synthesis of aromatic amino acids.
Glyphosate-tolerant soybean expresses a gene for EPSPS
that is tolerant to the herbicide. Extensive research
under field conditions has shown that yields of
glyphosate-tolerant soybean sprayedwith glyphosate are
comparable to glyphosate-sensitive cultivars in conven-
tional herbicide systems (Delannay et al., 1995).
Although engineered soybean cultivars are tolerant to
glyphosate, the N-fixing bacteria that form the symbiot-
ic relationship with the soybean are not tolerant to
glyphosate (Jaworski, 1972). In culture, B. japonicum
growth is inhibited by glyphosate, depending upon con-
centration of glyphosate in the culture and the sensitivi-
ty of the bacterial strain. Glyphosate-tolerant soybean
plants do not readily degrade glyphosate, and it concen-
trates in metabolic sinks such as roots and nodules
(Duke, 1988). Since the bacteria live in these areas, the
concentration can have a negative effect on their growth,
and research has shown that early application of
glyphosate to plants delays N fixation and nodulation
(King et al., 2001). The observation that glyphosate
delays nodulation by B. japonicummay provide a clue as
to how to increase the competitiveness of superior N-
fixing B. japonicum over poor N-fixing indigenous
strains.
We hypothesized that glyphosate applied to GT soy-
beanwould inhibit nodulationby B. japonicum unless B.
japonicum could also be selected for glyphosate toler-
ance. A practical corollary of this hypothesis is that B.
japonicum selected for glyphosate tolerance would be
more competitive for nodulating GT soybean seedlings
treated with glyphosate, which could increase the com-
petitive advantage of superior N-fixing B. japonicum
strains over inferior indigenous strains. In this experi-
ment our objectives were to determine the effect of
glyphosate applied as a seed-imbibition solution, to
evaluate the effect on nodulation with wild type B.
japonicum, and to select for GT B. japonicum by chal-
lenging existing strains with glyphosate.
MATERIALS AND METHODS
Greenhouse ExperimentOne
Glyphosate solutions of 50, 25, 12.5, 6.25, and 3.125
mM were prepared using serial dilution of a 50 mM
solution. Six petri dishes were filledwith a single layer of
GT soybean cultivar DK5961RR seed, and seeds were
weighed. Each petri dish then received 20 mL of one of
the glyphosate treatments or water. Several hours after
imbibition, 15 mL of each solution was added to ensure
there was free solution in the bottom of each petri dish.
After the overnight soaking, the seeds were blotted with
paper towels and weighed.
B. japonicum (strain USDA 110) was cultured in a
defined medium that lacked amino acids and included
arabinose as the carbon source (Karr and Emerich,
1989). Duringmid log-phase, a culture was dilutedwith
deionized water to an optical density at 600 nm
(OD600) of 0.0654 (approximately 3.08 x 106 cells/mL,
Mahler andWollum, 1981), which served as inoculum.
Pots (15 cm diameter) were filled with N-free potting
medium (LB2, Sungro Horticulture, Bellevue, Wash.)
and inoculated with 1 mL of B. japonicum culture fol-
lowed by 500mL of –Nnutrient solution (deSilva et al.,
1996). Six seedswere planted in each pot, and there were
six replications arranged in a randomized complete
block design. Greenhouse lights were set for a 15-hour
photoperiod from 6 am to 9 pm and provided a mini-
mum of 300 umol PAR cm-2s-1 at plant height.
Greenhouse temperatures were approximately 28 Å 3%C
(day) and 22 Å 2%C (night). After 1 week, very poor
germinationwas observed in all pots, indicating that this
effect was not due to glyphosate. Cotyledons appeared
small, yellow, and damaged, and plants were discarded.
Due to the observance of poor germination in all treat-
ments, a germination study was performed to find the
best method of imbibition.
Germination/Imbibition Study
Two methods of seed imbibition were compared to
planting dry seed. The first method involved placing a
piece of filter paper in the bottom of a petri dish and
then placing the seed on top of the filter paper. The fil-
ter paper was keptmoist for the 3-hour imbibition. For
the secondmethod, seedswere placed in a petri dish, and
the petri dish was kept half filled with water for the 3-
hour period. Forty seeds were used per treatment, and
both wet and dry weights were taken. After imbibition,
four replications of 10 seeds from each imbibition treat-
ment were planted and compared to a control treatment
of planting dry seed. These data clearly indicated that
imbibition onmoist filter paper was superior to imbibi-
tion in a partially filled petri dish (Table 1). These
results are discussed in more detail in the Results and
Discussion section.
Greenhouse Experiment Two
After deciding to use the filter paper imbibition
method, Greenhouse Experiment one was repeated.
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Plantswere harvested after 4weeks of growth in the
greenhouse. Shoots were harvested above the soil
line and placed in a 65%C dryer. Roots were also
harvested, and the nodules on the roots were sepa-
rated into two groups, <2.36 mm and >2.36 mm,
with a mesh sieve. Each group of nodules was
scanned and then placed in the 65%C dryer. Dry
weights were then taken of roots, shoots, and nod-
ules. Nodule scans were made with a flatbed scan-
ner and nodule number determined from the
images using Sigmascan Pro (V. 5.0, SPSS Inc.,
Chicago, Ill.).
B. japonicumSelection for Roundup Resistance
A culture of USDA 110 was grown in defined media
with arabinose as its carbon source and NH4+ as its N
source (Karr and Emerich, 1989). Therefore, synthesis
of proteins would require de novo amino acid produc-
tion, including a functional EPSPS, which is the target
enzyme inhibited by glyphosate. One hundred µL of the
culture was plated out on defined media containing 10
mM glyphosate. One hundred individual colonies were
selected from the agar plate
and were grown in 5 mL of
liquid culture (minus
glyphosate). Liquid cultures
were adjusted to an OD600
of approximately 0.16, and
100 µLwas added to 5mLof
liquid media containing 5
mM glyphosate. Wild-type
USDA 110 in the presence
and absence of glyphosate
was used as a control. The
cultures were allowed to
grow for 14 days, and then
the OD600 of each culture was measured.
Greenhouse Experiment Three
The results from Greenhouse Experiment Two were
used in designing Greenhouse Experiment Three with
several modifications. In Greenhouse Experiment
Three, seven different glyphosate-tolerant cultivars were
used. The cultivars were: USG 540NRR, Progeny
5415RR, Delta Grow 5450RR, Asgrow AG5603, Asgrow
AG5901, Delta King 5661RR, and Delta King 5961RR.
Three different glyphosate treatments were used: 12.25,




Germination was affected by imbibition treatments
(Table 1). Germination was significantly decreased by
imbibing seeds in a petri plate that was partially filled
with water. Germination of seeds that were imbibed on
wet filter paper was not significantly different from that
of dry seeds. The amount of damaged seedlings did not
differ significantly between any of the treatment groups.
Due to these results, the filter-paper method was chosen
for use in Greenhouse Experiment Two.
Greenhouse Experiment Two
Glyphosate concentration did not affect nodulation
or plant dry weight (Table 2). There were no significant
differences among any of the treatments for average
nodule weight, nodule number, or dry weights of other
plant components.
B. japonicumSelection forGlyphosate Resistance
Glyphosate inhibited growth of all bacterial strains
THE STUDENT JOURNAL OF THE DALE BUMPERS COLLEGEOF AGRICULTURAL, FOODAND LIFE SCIENCES 55
Table 1. Response of seedling emergence and seedling damage
to imbibition treatments.
Imbibition Emergence Damaged seedlings
treatment % %
3 hours partially 35 35
submerged
3 hours filter 80 38
paper
Dry seed 98 15
LSDz 20 N.S.
z LSD = least significant difference (P≤0.05); N.S. = nonsignificant.
Table 2. Plant dry weight, nodule number, and nodule size response to glyphosate seed
treatments in Greenhouse Experiment Two. There were no significant effects (P≤0.05) for
any treatments for any variables.
Glyphosate Nodule number Nodule weight Dry weight
concentration Large Small Large Small Roots Shoots
--(mM)-- --------(mg)------- ---------(g)----------
0 23 23 15.6 80.2 0.32 1.32
3.13 26 23 15.5 97.3 0.33 1.33
6.25 31 31 10.6 90.1 0.40 1.42
12.5 29 25 13.3 84.6 0.36 1.26
25.00 25 24 16.1 74.0 0.39 1.23
50.00 29 32 13.0 77.6 0.35 1.15
Table 3. Growth of B. japonicum isolates in the culture
containing 5 mM glyphosate.
Strain Glyphosate OD600
USDA 110 - 1.33 az
USDA 110 + 0.44 b
Selectedy + 0.36 b
z Means followed by the same letter within a column are not sig-
nificantly different (P = 0.05).
y Forty individual cultures of USDA 110 were selected based
upon their ability to form colonies on agar media containing
glyphosate. There were no significant differences among
selected strains, and an OD600 is presented that was aver-
aged over all strains.
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(Table 3). The cultures that were selected from the agar
media containing glyphosate did not show growth that
was significantly different from the wild type USDA 110
grown in the presence of glyphosate. The selected cul-
tures also did not show differences among strains select-
ed for glyphosate tolerance. The growth of the selected
cultures in the presence of glyphosate was significantly
less than that of the wild type USDA 110 grown in the
absence of glyphosate. USDA 110 grown in the presence
of glyphosate also showed growth that was significantly
less than that from USDA 110 grown in the absence of
glyphosate.
Greenhouse Experiment Three
There was no significant interaction of cultivar and
glyphosate treatment in the study; alsp, there were no
significant differences among any of any of the cultivars
in response to glyphosate treatments for plant dry
weight, average nodule weight, or average nodule num-
ber. There were significant differences among cultivars,
however, for root and shoot weights, which were inde-
pendent of glyphosate treatment (Table 4).
These experiments indicated that glyphosate had no
effect on soybean nodulation when delivered to plants
via seed imbibition. Previous research (King et al.,
2001), in which glyphosate was applied foliarly to
seedlings with 1 or 2 leaves, determined that glyphosate
delayed nodulation and resulted in a decrease in nodule
size. The difference between foliar delivery and seed
imbibitionof glyphosatemay be due to the total amount
of glyphosate delivered to roots during early stages of
bacterial infection and nodulation. Seed imbibition for 3
hours generally resulted in a doubling of seed weight.
Glyphosate content in the seed and young plant after 3
hours imbibitionwould expectantly range from approx-
imately 60 to 500 µg as the concentration of glyphosate
in the imbibition solution increased from 6 to 50 mM.
In comparison, two sequential foliar applications of
glyphosate at 1.12 kg ha-1 at the unifoliolate and first tri-
foliolate stages (King et al., 2001) would deliver approx-
imately 730 µg per plant, half of which would be
absorbed by the plant. An additional possibility for lack
of response of glyphosate in an imbibing solution on
nodulation is that the glyphosate would be primarily
absorbed into the cotyledons, which may not transport
glyphosate as readily to developing roots as would
glyphosate delivered to leaves.
The rationale for imbibing seed in a glyphosate solu-
tion was that it would affect the infection and nodula-
tion process from the initial stages of germination,
beginning with radicle emergence from the seed. It was
hypothesized that this treatment would affect nodula-
tion similarly to or greater than a foliar application at the
one- to two-leaf stage (King et al., 2001). Foliar applica-
tion of glyphosate had a greater effect on nodulation
than did seed imbibition, however, and foliar glyphosate
application would have the added benefit of decreasing
weed competition in a field environment.
Decreasing nodulation by foliar glyphosate applica-
tions in glyphosate-sensitive B. japonicum may be one
important means of increasing the specificity with
which B. japonicum strains infect soybean. Engineering
glyphosate-tolerant B. japonicum that had N fixation
capacity greater than indigenous strains could be one
means of providing this specificity and greatly increasing
the amount of N required for high yields in soybean.
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Table 4.  Plant dry weight, nodule number, and nodule size response to glyphosate seed treatments in Greenhouse
Experiment Three. Values reported are averaged over glyphosate treatments (cultivar x glyphosate, interaction 
non-significant, P≤0.05).
Nodule number Nodule weight Dry weight
Cultivar Large Small Large Small Roots Shoots
(mg) (g)
USG 540NRR 6 9 20.1 7.15 0.14 0.40
Progeny 5415RR 3 9 9.31 4.93 0.15 0.45
Delta Grow 5450RR 4 7 10.7 4.29 0.12 0.35
Asgrow AG5603 5 8 16.6 6.28 0.12 0.30
Asgrow AG5901 5 14 16.3 9.15 0.16 0.39
Delta King 5661RR 4 11 15.0 5.66 0.14 0.39
Delta King 5961RR 4 10 18.4 4.46 0.14 0.40
Source DF F-test    P value
Rep 3 0.20 0.18 0.34 0.29 0.82 0.26
Cult 6 0.72 0.20 0.59 0.27 0.01 0.01
Gly 2 0.98 0.23 0.96 0.43 0.53 0.30
Cult x Gly 12 0.43 0.62 0.31 0.51 0.35 0.14
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